Microbial production of butanol and isopropanol, two high value-added chemicals, is 10 naturally occurring in the solventogenic Clostridium beijerinckii DSM 6423. Despite its 11 ancient discovery, the precise mechanisms controlling alcohol synthesis in this 12 microorganism are poorly understood. In this work, an allyl alcohol tolerant strain 13 obtained by random mutagenesis was characterized. This strain, designated as the AA 14 mutant, shows a dominant production of acids, a severely diminished butanol synthesis 15 capacity, and produces acetone instead of isopropanol. Interestingly, this solvent-16 deficient strain was also found to have a limited consumption of two carbohydrates and 17 to be still able to form spores, highlighting its particular phenotype. Sequencing of the 18 AA mutant revealed point mutations in several genes including CIBE_0767 (sigL), which 19 encodes the σ 54 sigma factor. Complementation with the wild-type sigL gene fully 20 restored solvent production and sugar assimilation, demonstrating that σ 54 plays a 21 central role in regulating these pathways in C. beijerinckii DSM 6423. Genomic 22 comparison with other strains further revealed that these functions are probably 23 conserved among the C. beijerinckii strains. The importance of σ 54 in C. beijerinckii was 24 further assessed by the characterization of a sigL deletion mutant of the model strain 25 NCIMB 8052 obtained with a CRISPR/Cas9 tool. The resulting mutant exhibited 26 phenotypic traits similar to the AA strain, and was subsequently complemented with the 27 sigL gene from either the wild type or the AA strains. The results of this experiment 28 confirmed the crucial role of σ 54 in the regulation of both solventogenesis and sugar 29 consumption pathways in C. beijerinckii. 30 3 Importance 31
Introduction 43
In the context of worldwide energy transition, research for alternatives to fossil fuels has 44 become a priority. In particular, the replacement of petrochemistry by a low carbon 45 emission industry has been a major challenge as our global consumption of 46 petrochemicals keeps on increasing (1). The valorization of plant biomass to synthesize 47 A punctual mutation in the sigL gene is predicted to impede solvent formation and 141 sugar consumption. 142 We next adopted a forward genetic approach to identify the gene(s) responsible for the 143 AA phenotype. Whole-genome sequencing followed by read mapping on the wild-type 144 genome allowed the identification of 13 SNPs (Table 2) (16)) revealed a high similarity with a putative RNA polymerase σ 54 factor 148 (encoded by the sigL gene) of Clostridium kluyveri (17). In the AA strain, mutation of this 149 gene causes a serine to phenylalanine substitution at position 366. The σ 54 150 transcriptional factor has already been well described in several bacterial species and 151 contains three major domains (12) ( Fig. 2a ). Region I (RI) is involved in core RNA 152 polymerase, enhancer, and DNA binding. Region II (RII) is acidic and poorly conserved. 153 Region III (RIII) is divided in several conserved sub-regions interacting with core RNA 154 polymerase (CBD) and DNA at the -12 consensus motif (HTH) and the -24 motif (RpoN). 155 In silico analysis of the sigL mutation detected in the AA mutant revealed that the amino 156 acid substitution (S366F) is localized in the HTH motif, at an extremely conserved 157 position (Fig. 2b) . Given the significant difference in terms of steric hindrance, polarity 158 and hydrophobicity resulting from a phenylalanine to serine substitution, this mutation 159 may drastically impede the -12 motif recognition, yielding a partial or total inactivation of 160 σ 54 . 161 We subsequently looked at the predicted σ 54 -regulon along the chromosome of C. 162 beijerinckii DSM 6423. The σ 54 binding motif consensus (TGGCANNNNNNTTGCW, 163 based on the study of validated σ 54 promoters by Barrios and colleagues (13)) was 164 found at 57 genomic sites, 35 of which were localized up to a few hundred base pairs 165 upstream of a coding sequence (Supplementary file S2). In particular, two genes coding 166 for strongly expressed (8) alcohol dehydrogenases (CIBE_2050 and CIBE_2622, which 167 catalyze the conversion of acetaldehyde and butyraldehyde into ethanol and butanol 168 (18, 19)) as well as the secondary alcohol dehydrogenase s-ADH encoding gene 169 (CIBE_3470, (18, 20, 21) ) were identified ( Fig. 2c ). Although 2,3-butanediol is usually 170 not observed in laboratory conditions, the only gene of the genome encoding a 2,3-171 butanediol dehydrogenase (CIBE_1696, similar to the one described by Raedts et al.
172
(22)) was identified as being part of the regulon.
173
Unlike other sigma factors, σ 54 -bound RNA polymerase requires the ATPase activity of 174 an adjacent Enhancer Binding Protein (EBP) to start transcription initiation (23, 24).
175
Importantly, genes encoding σ 54 EBPs were found in the direct vicinity of CIBE_2622, 176 CIBE_3470 and CIBE_1696, which strengthens the hypothesis of a σ 54 -driven 177 transcriptional control of their expression.
178
In order to investigate the functionality of the σ 54 -regulon, we used the synteny tool from 179 MaGe platform (16) to compare the position of σ 54 binding sites in C. beijerinckii DSM 180 6423 with two other C. beijerinckii model strains i.e. NCIMB 8052 and the recently 181 reannotated NRRL B-598 (25, 26) . Apart from the s-ADH encoding gene which drives 182 isopropanol production, these putative σ 54 -dependent transcriptional units appeared to 183 be conserved in these acetone-butanol producing strains. Besides, downregulation of 184 the butanol and secondary alcohol dehydrogenases linked to σ 54 potential inactivation 185 would match the AA phenotype, which gives another meaningful hint that sigL mutation 186 may be significant.
187
Interestingly, the rest of the predicted σ 54 -regulon mainly contains genes associated with 188 control sugar uptake (mainly PTS-based transporters, for a review in solventogenic 189 Clostridia, see Mitchell, 2015 (27) ) and metabolism ( Fig. 2d , Supplementary file S2).
190
Lactose and cellobiose transport and metabolism are predicted to be regulated by σ 54 in 191 similar operons encoding a phosphotransferase system (PTS) for sugar transport and a 192 hydrolase (β-galactosidase CIBE_0885; β-glucosidase CIBE_1708). Interestingly, a 193 highly expressed and conserved operon encoding a dihydroxyacetone phosphate kinase 194 complex (dhaKLM; CIBE_2581-2582-2583) also appears to be controlled by σ 54 . This 195 enzyme can be involved in glycerol metabolism, or directly in the central carbon pathway 196 when associated to 6P-fructose aldolases (28, 29) . Notably, two 6P-fructose aldolases 
202
In summary, analysis of the AA genotype revealed an amino acid substitution potentially 203 inactivating a protein predicted not only to regulate solventogenesis but also other 204 central metabolic pathway such as sugar consumption in several C. beijerinckii strains.
206
Complementation with wild-type sigL gene fully restores solventogenesis and 207 sugar metabolism in the AA strain. 208 As several SNPs were detected in different genes in the AA strain, specific 209 complementation assays were required to evaluate the importance of each mutation in 210 the phenotype of the strain. Considering the predicted crucial role of the putative σ 54 -211 encoding gene (sigL, CIBE_0767), we decided to clone the wild-type coding sequence 212 of sigL under the control of its endogenous promoter in the pFW01 vector, yielding the 213 pFW-σ54 plasmid and to introduce it into both wild-type and AA strains. Fermentation 214 analysis revealed that the recombinant AA pFW-σ54 strain displayed a wild-type 215 solventogenic metabolism ( Fig. 3) . Indeed, normal acid and solvent production ( Fig. 3a) , 216 as well as glucose consumption and biomass production (Supplementary file S3) were 217 fully restored when compared to the wild-type strain containing the empty vector. These 218 results confirmed that CIBE_0767, encoding the σ L transcriptional factor, is drastically 219 influencing the regulation of the central metabolism of the AA strain in our conditions. 220 We therefore kept on investigating its impact on other predicted metabolic pathways.
221
Plate assays on minimal medium were used to analyze carbon sources usage. In our 222 hands, no effect after 24 or 48 hours was seen on bacterial growth on fructose, 223 mannose, xylose, arabinose, sucrose, glycerol, inulin, starch or mannitol (data not 224 shown). In contrast, growth was impeded with cellobiose and lactose in the AA control 225 strain (empty vector), and restored when complemented with wild-type σ 54 (Fig. 3b ).
226
However, quantification of this inhibition in liquid medium revealed unexpected results.
227
Growth was not altered in liquid 2YT 20 g/L cellobiose (data not shown) whereas lactose 228 did exert a strong effect on bacterial growth. After 24h of fermentation the AA pFW01 229 strain had grown similarly on 2YT 20 g/L lactose than on the 2YT control condition 230 containing no supplementary carbon source ( Fig. 3c ). HPLC analysis confirmed that 231 almost no lactose was consumed by the AA strain in this time frame. On the other hand, 232 a normal growth on lactose was observed with the complementation strain with a 233 consumption of ca. 8 g/L of lactose in 24h. The fermentation was carried out for 72 more 234 13 hours, and end-point analysis revealed that lactose uptake inhibition was only partial 235 (Supplementary file S4).
236
Thus, by complementing the AA strain with the wild-type version of the sigL gene, we 237 demonstrated that the S366F point mutation in the σ 54 is likely the unique modification in 238 the AA strain that impacts solvent production and sugar assimilation. Besides, our 239 results suggest that σ 54 is a master regulator of these metabolic pathways in C. 240 beijerinckii DSM 6423.
242
Overexpression of the acid-reassimilation pathway does not restore a wild-type 243 phenotype in the AA strain 244 To determine whether acid uptake might be impaired in the AA strain, we designed an 245 experiment in which the acid reassimilation pathway would be overexpressed in the AA 246 mutant. In order to do this, a pFW-FC06 plasmid was constructed to overexpress the s-247 adh, ctfA, and ctfB genes in an operonic structure. This operon was previously used in We thus designed a CRISPR/Cas9 approach to inactivate sigL in the NCIMB 8052 279 strain. An inducible system based on anhydrotetracycline (aTc) addition was used, 280 based on the pCas9 ind vector previously used in C. acetobutylicum ATCC 824 (31).
281
Homology regions for genome editing were designed to delete most of the sigL gene, 282 15 resulting in a severely truncated protein (13 amino acid residues, versus 463 for the full 283 gene; Fig. 4a ). Following insertion of those homology sequences and of an 284 anhydrotetracycline inducible gRNA cassette, the resulting pCas9-∆sigL plasmid was 285 introduced into C. beijerinckii NCIMB 8052 by electroporation. Transformants were 286 exposed to anhydrotetracycline, which allowed the selection of a ∆sigL mutant (Fig. 4b ).
287
This strain was subsequently complemented with the pFW-σ54 and pFW-σ54-AA 288 plasmids, the latter allowing the expression of a S336F-mutated σ 54 .
289
Fermentation assays revealed that solvent production was drastically altered in the 290 ∆sigL strain, and that a wild-type phenotype could only be restored with pFW-σ54 ( Fig.   291 4c, Supplementary file S7). Complementation with pFW-σ54-AA notably appeared to 292 have no effect on acid reassimilation and solvent production when compared to the 293 ∆sigL empty vector control strain. Besides, all of those strains displayed a resistance to 294 heat shock (cells scraped from one-week-old plates, 80°C for 10 min, data not shown), 295 highlighting their retained capacity to correctly form spores. Lastly, ΔsigL mutant growth 296 appeared to be highly inhibited in lactose-based medium, similarly to the AA strain ( Fig.   297 4d). Conversely, cellobiose uptake did not seem to be impacted in this strain (data not 298 shown).
299
In addition to confirming our hypothesis on the role of σ 54 for solventogenesis and sugar 300 utilization, deleting sigL in the NCIMB 8052 model strain allowed us to expand our 301 conclusions regarding this transcriptional factor to other microorganisms belonging to supports our hypothesis that σ 54 is inactivated in the AA strain.
319
The deleterious effects of allyl alcohol on alcohol-producing microorganisms (yeast (37-320 39), E. coli (40)) and its tendency to generate spontaneous mutations have been makes σ 54 stand out for its efficiency to tightly control transcription of highly regulated 405 metabolic pathways such as solventogenesis. Interestingly, no sporulation-specific 406 targets could be found in the predicted σ 54 regulon, and σ 54 inactivation did not 407 drastically inhibit the sporulation cascade, which makes it a carbon-specific regulator.
408
In summary, we described σ 54 as a master regulator of solventogenic pathways in the 409 isopropanol/butanol producer C. beijerinckii DSM 6423 and this function was predicted 410 to be conserved in other model strains of the C. beijerinckii species. This transcriptional 411 factor was also found to control sugar consumption and is therefore an essential 412 controller of carbon metabolism in C. beijerinckii. 
Material & Methods

415
Strains, media and culture conditions 416 Strains and plasmids used in this study are presented in Table 1 . 417 Clostridium beijerinckii was grown in liquid 2YTG (per liter: 16 g tryptone, 10 g yeast 418 extract, 5 g NaCl, 20 g glucose, pH 5.2). Solid media was prepared with 15 g/L agar and 419 less glucose (5 g/L). Strains were cultivated in an anaerobic chamber (Bactron) at 34°C 420 without shaking. Fermentation assays and analytical methods 440 For fermentation assays, modified Gapes medium (60) was used. This medium contains 441 per liter: 2.5 g yeast extract, 1 g KH 2 PO 4 , 0.6 g K 2 HPO 4 , 1 g MgSO 4 , 7 H 2 0, 6.6 mg 442 FeSO 4 , 7 H 2 0, 0.1 g para-aminobenzoic acid, 2.9 g ammonium acetate, 60 or 80 g 443 glucose. The medium was supplemented with erythromycin (20 µg/mL) when 444 appropriate.
445
Fermentations were performed in triplicate. For each biological replicate, several clones 446 isolated in 2YTG agar plates were used to inoculate 5 mL Gapes medium. These 447 precultures were carried out at 34°C overnight in the anaerobic chamber. Serum flasks 448 containing 20 mL Gapes medium were then inoculated with 2 mL of preculture and 449 sealed with rubber stoppers. A pressure relief valve system was punctured through the 450 rubber stoppers to prevent overpressure, and the serum bottles were incubated 48-72 451 hours at 34°C with agitation outside of the anaerobic chamber.
452
After OD 600 (UV-1800 spectrophotometer, Shimadzu) was measured, samples from the 453 fermentation were centrifuged 5 min at 8000 g. The supernatant was diluted with an Tables 744 Table 1 : Strains and plasmids used in this study. 
